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In general relativity, the angular radius of the shadow of a black hole is primarily determined by
its mass-to-distance ratio and depends only weakly on its spin and inclination. If general relativity
is violated, however, the shadow size may also depend strongly on parametric deviations from the
Kerr metric. Based on a reconstructed image of Sagittarius A∗ (Sgr A∗) from a simulated one-day
observing run of a seven-station Event Horizon Telescope (EHT) array, we employ a Markov chain
Monte Carlo algorithm to demonstrate that such an observation can measure the angular radius
of the shadow of Sgr A∗ with an uncertainty of ∼ 1.5 µas (6%). We show that existing mass
and distance measurements can be improved significantly when combined with upcoming EHT
measurements of the shadow size and that tight constraints on potential deviations from the Kerr
metric can be obtained.
PACS numbers: 04.50.Kd,04.70.-s
The massM and distanceD of Sagittarius A∗ (Sgr A∗)
have been measured using several techniques. Refer-
ences [1–3] and Refs. [4, 5] inferred the mass and dis-
tance of Sgr A∗ from monitoring stars on orbits around
Sgr A∗ and in the old Galactic nuclear star cluster, re-
spectively. Combining the results of Refs. [2, 5] yields
the measurements M = (4.23 ± 0.14) × 106M⊙, D =
8.33±0.11 kpc [5]. In addition, the distance of Sgr A∗ has
been obtained from parallax and proper motion measure-
ments of masers throughout the Milky Way by Ref. [6]
finding D = 8.34±0.16 kpc. Sgr A∗ is also a prime target
of the Event Horizon Telescope (EHT), a global very-long
baseline interferometer, which has already resolved struc-
tures on scales of only 8rg with a three-station array [7],
where rg ≡ GM/c2 is the gravitational radius.
According to the general-relativistic no-hair theorem,
stationary, electrically neutral black holes in vacuum only
depend on their masses M and spins J and are uniquely
described by the Kerr metric. Mass and spin are the
first two multipole moments of the Kerr metric, and all
higher-order moments can be expressed by the relation
Ml + iSl = M(ia)
l, where Ml and Sl are the mass and
current multipole moments, respectively, and a ≡ J/M is
the spin parameter (see, e.g., Ref. [8]). However, general
relativity remains practically untested in the strong-field
regime found around compact objects, and a final proof
of the Kerr nature of black holes is still lacking [9].
The no-hair theorem can be tested in a model-
independent manner using parametrically deformed
Kerr-like spacetimes that depend on one or more free
parameters in addition to mass and spin. Observations
may then be used to measure the deviations. If none are
detected, the compact object is consistent with a Kerr
black hole. If, however, nonzero deviations are measured,
there are two possible interpretations: 1. general relativ-
ity holds but the object is some exotica instead of a black
hole and 2. the no-hair theorem is falsified.
Such Kerr-like spacetimes encompass many theories of
gravity at once and the underlying action is usually un-
known. Here, we employ the Kerr-like metric of Ref. [10]
with the nonzero (dimensionless) deviation parameters
α13 and β. This metric can be mapped to known black
hole solutions of alternative gravity theories for certain
choices of these (and other) parameters and reduces to
the Kerr metric if all deviations vanish [10, 11].
A key objective of the EHT is to produce the first
direct image of a black hole [34]. These typically reveal
a dark region at the center, the so-called shadow, which
is surrounded by a bright and narrow ringlike structure
embedded within a typically complex image [35]. For a
Kerr black hole at a distance D, the angular radius R of
its shadow is R ≈ 5rg/D. The shape of this shadow is
exactly circular for a Schwarzschild black hole and nearly
circular for a Kerr black hole unless its spin is very large
and the inclination is high [36]. However, if the no-hair
theorem is violated, the shape of the shadow can become
asymmetric [36] and its size can vary [37, 38].
If Sgr A∗ is indeed a Kerr black hole, then its angular
radius measured by upcoming EHT observations has to
coincide with the angular radius inferred from existing
measurements of the mass and distance of Sgr A∗ [39].
For nonzero values of the parameters α13 and β in the
metric of Ref. [10], the shadow size either increases or
decreases drastically, retaining a nearly circular shape as
long as a <∼ 0.9rg [37, 38], while dynamical measurements
of the mass and distance would be unaffected. Thus, the
combination of both techniques allows us to constrain the
deviation parameters α13 and β. In addition, measure-
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FIG. 1. (Top panel) A reconstructed image of Sgr A∗ for
an EHT observation at 230 GHz with a seven-station array
taken from Ref. [41]. The image shows seven chords for which
we determined respective angular radii from Gaussian fits of
the intensity profile along the chord sections labeled 1, . . ., 8.
(Bottom panel) The resulting distributions of the angular ra-
dius R of the shadow and the offset (x, y) of the correspond-
ing image center relative to the center of the chords using a
Markov chain Monte Carlo sampling of a small region around
the center of the chords.
ments of the ratio M/D by the EHT can improve upon
the existing mass and distance measurements [40].
Here, we investigate the prospects of measuring the
angular radius R of the shadow of Sgr A∗ with the EHT
at 230 GHz assuming a circular shadow. We use a recon-
structed image of Sgr A∗ based on a simulated image of
a radiatively inefficient accretion flow [41]. The deblur-
ring algorithm of Ref. [41] corrects the distortions of the
simulated visibilities by interstellar scattering so that the
resolution of the image is predominantly determined by
the instrumental beam.
The top panel of Fig. 1 shows the reconstructed image
of Ref. [41] using the data of a simulated one-day observ-
ing run with a seven-station EHT array assuming realistic
measurement conditions but neglecting small-scale vari-
ability in the image. The large-scale features within the
image are asymmetric due to the relativistic motion of
the emitting plasma and opacity. Nevertheless, over at
least half of the image the photon ring is clearly visible.
To estimate its size we first obtain a set of mean radii
r¯j from Gaussian fits of the specific intensity along the
chord sections j = 1, . . . , 8 shown in Fig. 1 [11].
The chosen center of the chords most likely does not
coincide exactly with the true image center which will
be shifted by an offset x = (x, y) relative to the center
of the chords (see Fig. 1). A measured angular radius
vector r¯j = (r¯j cos θ, r¯j sin θ) is then related to the an-
gular radius vector of the shadow R and the offset x by
the identity r¯j = R − x, i.e., r¯j = −(x cos θ + y sin θ) +√
(x cos θ + y sin θ)2 +R2 − (x2 + y2).
From the set of angular radii r¯j we then obtain esti-
mates of the angular shadow radius R and the offsets
x and y using a Markov chain Monte Carlo sampling
of a small region around the center of the chords. We
find that each of the resulting distributions of the angu-
lar shadow radius R and the offsets x and y is approx-
imately Gaussian and that the angular radius R is cor-
related with the offset y, while both the angular radius
R and the offset y appear to be uncorrelated with the
offset x (see Fig. 2). Thus, we infer x = (−0.3±1.1) µas,
y = (1.3 ± 2.2) µas, and R = (26.4 ± 1.5) µas, which
corresponds to a distance ∼ 0.16rg and a ∼ 6% uncer-
tainty of the angular radius. This is comparable to the
one of Ref. [39], whose authors used a pattern matching
technique.
Although we find no significant values of the offsets x
and y, we repeated this process several times by slightly
shifting the center of the chords and obtained a similar
result in each case. Our estimate of the angular radius is
consistent with the actual angular radius of the shadow
R ≈ 27.6 µas at the 1σ level corresponding to the values
of the mass M = 4.3× 106M⊙, distance D = 8 kpc, and
spin a = 0 used in the simulated image shown in Fig. 1.
Because the radius estimate would be exact for a true
image [42], our method seems to have no significant bias.
We combine the above simulated EHT measurement
of the angular shadow radius of Sgr A∗ with existing
measurements of its mass and distance which we use as
a prior Pprior(M,D). We assume a Gaussian distribu-
tion PEHT(data|M,D, a, ϑ, α13, β) of the angular radius
with an uncertainty σ = 1.5 µas and a mean correspond-
ing to the maximum of the distribution Pprior(M,D) of
the combined measurements of Refs. [2, 5, 6] assuming
a Kerr black hole with spin a = 0.5rg and inclination
3FIG. 2. (Left panel) 1σ and 2σ confidence contours of the probability density of the mass and distance of Sgr A∗ for existing
measurements (S stars, “G09” [2]; masers, “R14” [6]; star cluster, “C15” [5]), a simulated measurement of the shadow size of
Sgr A∗ for N = 10 observations with a seven-station EHT array (“EHT”), and several combinations thereof. The simulated
EHT measurement improves the other constraints on the mass and distance significantly. (Center and right panels) Simulated
1σ and 2σ confidence contours of the probability density of the deviation parameters α13 and β, respectively, corresponding to
N = 10 and N = 100 EHT observations, each marginalized over the mass and distance using the combination of all data sets
(“all”) in the N = 10 case and of simulated stellar-orbit observations from a 30-m-class telescope [43] in the N = 100 case.
ϑ = 60◦. For given values of the mass, distance, and
deviation parameters, we calculate the angular radius of
the shadow as described in Refs. [37, 38]. Because the
shadow size depends only weakly on the spin and in-
clination, we marginalize over the spin and inclination
using Eq. (42) of Ref. [38] in the case of a Kerr black
hole and a fine grid of points (a, ϑ) in the case of non-
Kerr black holes. Last, we use Bayes’s theorem to ex-
press the likelihood of the mass, distance, and devia-
tion parameters given the data as P (M,D,α13, β|data) =
C PEHT(data|M,D,α13, β)Pprior(M,D), where C is a
normalization constant. For simplicity, we also consider
the modifications of the shadow size introduced by the
parameters α13 and β separately.
Joint constraints from various measurements ofM and
D are combined in Fig. 2; where indicated, we presume
forthcoming 30-m-class telescope stellar dynamics obser-
vations will make roughly 0.1% measurements of M and
D [43]. Here, we assume that all EHT measurements
are independent and identical allowing us to reduce their
uncertainty by a factor of
√
N . In practice, one EHT
measurement likely corresponds to an average of several
observations due to small-scale variations in the image
which we neglect here.
We find that the EHT alone can measure the mass-
to-distance ratio (in units of 106M⊙/kpc) M/R =
0.505+0.013+0.029
−0.011−0.020 for N = 10 observations and M/R =
0.502+0.010+0.026
−0.005−0.007 for N = 100 observations, respectively.
Table I lists constraints on the mass and distance cor-
responding to various combinations of the EHT mea-
surements for ten observations with existing data show-
ing significant improvements, facilitated by different cor-
relations of mass and distance (stellar orbits: roughly
M ∼ D2 [1, 2]; EHT: M ∼ D [40]). In particular, com-
bining the EHT result with the parallax measurement by
Ref. [6] is comparable to the mass and distance measure-
ments from stellar orbits including the combined result of
Refs. [2, 5]. Combining all data sets, we obtain the con-
straints on the deviation parameters α13 = 0.1
+0.7+1.5
−0.8−1.4,
β = −0.02+0.17+0.32
−0.17−0.36 in the N = 10 case, while, in
the N = 100 case, we find α13 = −0.13+0.43+0.90−0.21−0.34,
β = 0.03+0.05+0.07
−0.10−0.24; the uncertainties of the mass and
distance remain at the ∼ 0.1% level. Here, all results are
quoted with 1σ and 2σ error bars, respectively. Our re-
sults would also imply constraints on the couplings of spe-
cific gravity theories, summarized in Table II, and could
improve upon spin measurements by other methods [11].
Data Mass (106M⊙) Distance (kpc)
EHT+G09 4.16+0.18+0.38
−0.16−0.31
8.18+0.19+0.39
−0.19−0.37
EHT+R14 4.22+0.13+0.28
−0.13−0.24
8.34+0.16+0.32
−0.15−0.31
EHT+C15 4.17+0.11+0.22
−0.11−0.21
8.38+0.11+0.21
−0.11−0.21
All 4.22+0.09+0.20
−0.09−0.17
8.33+0.08+0.17
−0.08−0.15
TABLE I. Simulated mass and distance measurements using
existing data (G09 [2], R14 [6], C15 [5]) as priors.
We have assumed that the image of Sgr A∗ is constant,
but two effects will cause the apparent structure of the
source to be variable. First, the accretion flow will be
intrinsically variable on characteristic time scales on the
order of minutes to tens of minutes. These rapid changes
will complicate image reconstructions from EHT data,
4Theory Constraints (N = 10) Constraints (N = 100)
RS2 βtidal = −0.02
+0.17+0.32
−0.17−0.36
βtidal = 0.03
+0.05+0.07
−0.10−0.24
MOG α = −0.02+0.13+0.22
−0.13−0.24
α = 0.03+0.05+0.06
−0.08−0.17
EdGB ζEdGB ≈ 0
+0.1+0.2
−0.1−0.3
ζEdGB ≈ 0.022
+0.035+0.057
−0.072−0.150
TABLE II. 1σ and 2σ constraints on the parameters
of black holes in Randall-Sundrum-type braneworld grav-
ity (RS2 [44]), modified gravity (MOG [45]), and Einstein-
dilaton-Gauss-Bonnet gravity (EdGB [46]) implied by our
simulation.
which conventionally assume a static source over each
observing epoch. Second, interstellar scattering will blur
the source image, which reduces the sensitivity of the long
baselines of the EHT but is largely invertible. Since we
fit the specific intensity along the chords with Gaussians,
our method is insensitive to remaining uncertainties in
the interstellar scattering law. Interstellar scattering will
also introduce refractive substructure into the apparent
image which can cause image distortions that will vary
stochastically from epoch to epoch [41, 47].
While intrinsic source variability and refractive sub-
structure are very different processes, their primary mit-
igation strategy is to repeat observations over many
epochs. It will be possible to image the quiescent ac-
cretion flow by imaging data obtained over the course of
several nights, over which time the source variability will
average out [48]. Likewise, the effects of different real-
izations of refractive substructure on different observing
days will average out.
Our estimate will also be affected moderately by sys-
tematic uncertainties in the EHT calibration and the ac-
cretion flow model in the image reconstruction. In order
to properly account for the calibration uncertainties in
our estimate, perhaps the best approach is to reconstruct
images using not only the best-calibrated data but also a
number of data sets that are intentionally miscalibrated
by a small amount. While the detailed structure of the
accretion flow of Sgr A∗ is unknown and could have, e.g.,
other (vertical or horizontal) configurations of the plasma
density and magnetic fields, as well as outflows, we expect
that these uncertainties only play a subdominant role in
our simulation as long as a (nearly circular) shadow is
clearly visible in the image, because the size and shape
of the shadow are almost entirely determined by the un-
derlying spacetime alone [11].
Before a 30-m-class optical telescope will be available,
the uncertainties of mass and distance measurements
based on stellar orbits will be further reduced by con-
tinued monitoring and the expected improvement in as-
trometry with the second-generation instrument GRAV-
ITY for the Very Large Telescope Interferometer [49].
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Supplemental Material
Generality of Kerr-like metrics — Several Kerr-like
metrics have been proposed to date (e.g., [10, 12–15]).
Among these, the metric of Ref. [10] is the only non-
perturbative metric (i.e., it is not limited to the descrip-
tion of only small perturbations away from the Kerr met-
ric) that depends on (at least) four free, independent
functions that parameterize potential deviations from the
Kerr metric. Since in general relativity stationary, ax-
isymmetric, asymptotically flat, vacuum metrics gener-
ally depend on only four functions [16], Kerr-like met-
rics that possess these properties should depend on at
least four such functions. Moreover, this metric harbors
a black hole, whereas the metrics of Refs. [12, 13, 15] gen-
erally harbor naked singularities as well as, in the case
of the metrics of Refs. [12, 13], unphysical regions where
causality is violated [17]. This motivates our choice of
the metric of Ref. [10] for our analysis.
Kerr-like metrics generally do not derive from the ac-
tion of any particular gravity theory. Instead, they
are a class of so-called metric theories of gravity [18]
and typically obey the full Einstein equivalence princi-
ple (EEP) [19]. Insight into the underlying theory of
gravity is then hoped to be gained through observations.
The EEP is the foundation of such a theory and is com-
prised of three fundamental principles, the weak equiv-
alence principle (WEP), local Lorentz invariance (LLI),
and local position invariance (LPI). The WEP postulates
that the trajectory of a freely falling “test” body, i.e., a
body that is not affected by forces such as electromag-
netism or tidal gravitational forces, is independent of its
internal structure and composition. In Newtonian grav-
ity, this statement is equivalent to the equality of the iner-
tial and gravitational mass of such a test body. The LLI
states that the outcome of any local non-gravitational
experiment is independent of the velocity of the freely-
falling reference frame in which it is performed. The
LPI postulates that the outcome of such an experiment
is independent of its position and the time of its perfor-
mance [19]. It then follows from the EEP that gravita-
tion can be described by the curvature of a spacetime
6(e.g., [20]).
The only theories of gravity that are consistent with
the EEP are metric theories of gravity [19]. In these met-
ric theories, the spacetime is endowed with a symmetric
metric, the trajectories of freely falling test bodies are
geodesics of that metric, and in local freely falling ref-
erence frames, the non-gravitational laws of physics are
those of special relativity [18]. This setup, then, allows
for the calculation and prediction of possible observable
signatures of the theory such as the shape and size of
the shadow of a black hole. The three components of
the EEP have been thoroughly tested by many differ-
ent experiments, at least in the weak-field regime [19].
Some requirements of the EEP, however, can be relaxed,
such as the LLI for black holes in Lorentz-violating the-
ories [21].
Implications for alternative gravity theories — Our
simulated constraints on the deviation parameters α13
and β translate into specific constraints on the param-
eters of known black-hole metrics in other theories of
gravity. In Randall-Sundrum type braneworld gravity
(RS2), black holes also carry a (dimensionless) tidal
charge βtidal [44] which can be mapped trivially to the
parameter β via the equation β = βtidal [10]. In Modified
Gravity (MOG), the parameter β relates to the coupling
constant α via the equation β = α(1 + α)2 [45]. The
parameter α13 can be mapped to the coupling constant
ζEdGB of slowly rotating black holes [i.e., up to O(a)] in
Einstein-dilaton-Gauss-Bonnet gravity (EdGB; [46]) via
the equation α13 ≈ −ζEdGB/6. This mapping is only
approximate, because the higher-order parameters α1i,
i ≥ 4, as well as the parameters α2i, i ≥ 2, would like-
wise have to be constrained in order for the mapping to
be exact [22]. We summarize the constraints on the above
parameters from our results for the parameters α13 and
β in Table II.
Constraints on potential deviations from the Kerr met-
ric may also improve upon measurements of the spin of
Sgr A∗ by other observations for several reasons. If no
deviations are detected, the Kerr metric itself is validated
which is usually an underlying assumption of such spin
measurements. However, if a deviation is detected, it has
to be incorporated into the spin measurement, at least
for spin measurements that are based on observations
of the accretion flow. In these measurements, the spin
and the deviation parameters are typically strongly cor-
related (see, e.g., Ref. [23]). In our case, however, the
effect of the spin is minor, so that EHT measurements
of the size of the shadow can substantially reduce that
correlation. Alternatively, within general relativity, the
deviation parameters can also be interpreted as a mea-
sure of the astrophysical uncertainties of the accretion
flow so that their effects can be treated in a quantitative
manner.
Although we have only discussed a prior on the mass
and distance of Sgr A∗ based on the monitoring of stel-
lar orbits in our analysis, other potential measurements
could be used as priors on the mass and distance, as well
as on the spin, inclination, and deviation parameters.
These include gravitational-wave observations of extreme
mass-ratio inspirals into Sgr A∗ [24], electromagnetic ob-
servations of variability (e.g., [25]), timing observations
of pulsars orbiting around Sgr A∗ [26], and x-ray obser-
vations of spectra and iron lines (e.g., [27]).
Summary of and relationship to other EHT gravity
tests — The results presented here are part of an on-
going effort to test general relativity with observations
of Sgr A∗ using the EHT. Ref. [39] pursued a similar
idea, but there are several important differences between
our and their analyses. First, our method is perhaps
easier to understand than the more involved method of
Ref. [39] who used a pattern matching technique based
on a Hough/Radon transform in order to determine the
angular radius of the shadow. We simply infer this ra-
dius from the peak fluxes along different chords across
the image. Second, Ref. [39] infer the angular radius of
the shadow from an idealized theoretical image of an ac-
cretion flow surrounding Sgr A∗ which does not take into
account the blurring of the image due to the scattering
of photons off free electrons along the line of sight as well
as the reconstruction of the image based on a realistic
EHT observing run. These effects, however, are critical
for a reliable estimate of a measurement of the shadow
radius. These uncertainties are discussed in some detail
in Ref. [39] and will most likely have a noticeable effect on
their radius estimate. In contrast, as mentioned earlier,
our estimate is insensitive to these uncertainties. Third,
Ref. [39] only discussed the possibility of performing a
null test of general relativity within which the mass-to-
distance ratio of Sgr A∗ inferred from the angular radius
of its shadow has to coincide with the one inferred from
the monitoring of stellar orbits. Our analysis goes signif-
icantly beyond such a null test by quantifying potential
deviations from the Kerr metric within the context of a
Kerr-like background. Fourth, the radius of the shadow
also depends on the spin and the inclination of Sgr A∗.
Although the angular radius of the shadow is primarily
determined by the mass-to-distance ratio, the effect of
the spin and the inclination has to be taken into account
in an effort to make a realistic prediction of a test of
general relativity based on the size of the shadow.
Likewise, Ref. [23] constrained a potential deviation
from the Kerr metric within the context of a specific
radiatively-inefficient accretion flow (RIAF) model using
early (2007–2009) EHT data [7, 28]. Their constraints on
such a deviation were weak and the corresponding con-
fidence contours covered practically the entire parame-
ter space they considered. Our simulated constraints are
much stronger and have an unprecedented level of preci-
sion. In addition, Ref. [23] employed a quasi-Kerr met-
ric [12] which only depends on one additional parameter
whereas our analysis is based on the metric of Ref. [10]
7which depends on (at least) five additional parameters
and is much more general in that sense. Only three of
these parameters (α13, α22, and β) affect the size of the
shadow. Since the parameter α22 alters the size of the
shadow only marginally [38], we focus on the other two
parameters. More importantly, however, our constraints
are largely model-independent as we discuss below allow-
ing for a clean test of general relativity without many of
the astrophysical uncertainties regarding the structure of
the accretion flow.
Image chord construction and measurement — We ob-
tain the set of mean radii r¯j along the chord sections
j = 1, . . . , 8 shown in the upper panel of Fig. 1 in the fol-
lowing manner. First, we draw a chord across the image
at the approximate location of the spin axis of Sgr A∗.
We perform Gaussian fits of the specific intensity as a
function of the angular radius rj along the sections of
the image of the accretion flow labeled “1” and “8” and
determine the mean angular radius and standard devia-
tion of each Gaussian. We use the larger standard de-
viation of the two Gaussians to estimate the size of the
effective resolution of the EHT, finding roughly 10 µas,
which corresponds to an arc length of θ ≈ 22.3◦ around
the shadow. Next, we draw six additional equidistant
chords across the image intersecting at the image cen-
ter determined by the first chord, each separated by an
angle θ = 180◦/7 ≈ 25.71◦, and likewise perform Gaus-
sian fits of the specific intensity along these chords at
the sections labeled “2” to “7.” Since the specific inten-
sity is enhanced on the “bright” side of the image due to
relativistic beaming and boosting, which cause a partial
obscuration of the shadow at 230 GHz, we focus only on
the “faint” side of the image. Note that, even though
the overall brightness of the image shown in Fig. 1 is
asymmetric due to these relativistic effects, this part of
the image has a nearly circular shape and the shape of
the shadow itself is exactly circular. Fig. 3 shows the
Gaussian fits of the specific intensity. The corresponding
mean radii r¯j and standard deviations σ¯j of the Gaus-
sian fits are listed in Table III. From the set of angular
radii r¯j we then determine a suitable starting point for
the subsequent Markov chain Monte Carlo sampling of
a small region around the center of the chords from a
least-squares fit of our model for the angular radii (given
by the identity r¯j = R−x) based on a rough grid search.
Additional sources of uncertainty — In our estimate
of the angular radius of the shadow we have also ne-
glected two other sources of uncertainty. Our estimate
will also be affected by calibration uncertainties of the
noise level at individual EHT stations. EHT observa-
tions with a three-station array comprised by the James
Clerk Maxwell Telescope (JCMT) and Sub-Millimeter
Array (SMA) in Hawaii, the Submillimeter Telescope
Observatory (SMTO) in Arizona, and several dishes of
the Combined Array for Research in Millimeter-wave As-
tronomy (CARMA) in California have estimated 5% sys-
Section r¯ (µas) σ¯ (µas)
1 23.81 4.36
2 28.71 2.95
3 27.40 2.42
4 23.98 1.60
5 22.72 2.66
6 25.60 4.27
7 26.32 4.76
8 26.01 4.73
TABLE III. Fit parameters.
tematic uncertainties from calibration for their visibility
amplitudes [28]. Our simulation is based on a seven-
station EHT array, for which many more internal cross-
checks will be available to improve the relative calibra-
tion of stations (the absolute calibration is not impor-
tant). In particular, the use of three individual phased
interferometers [Hawaii, CARMA, Atacama Large Mil-
limeter/submillimeter Array (ALMA)] that simultane-
ously record conventional interferometric data will per-
mit scan-by-scan cross calibration of the amplitude scale
of the array. In addition, measurements of closure phases
and closure amplitudes along different telescope triangles
and quadrangles are immune to calibration errors. Re-
peating our analysis for a number of intentionally mis-
calibrated images will then allow us to estimate the un-
certainty of the angular radius from the resulting distri-
bution of angular radii obtained individually from each
reconstructed image.
Another source of uncertainty is our current lack of
knowledge of the detailed structure of the accretion flow
of Sgr A∗. Several accretion flow models have been pro-
posed over the years [29], many of which fall within the
RIAF category. These models, in turn, depend on differ-
ent parameters such as the vertical structure of the accre-
tion disk, the plasma density and magnetic field strength
in and above the disk, and the presence of collimated or
uncollimated outflows such as a jet or winds. The full
impact of these model uncertainties is a topic of ongoing
research and will be analyzed elsewhere.
Our estimate does not apply to images within which
greater parts of the shadow are obscured and, thus, less
than eight chord sections would have to be used to mea-
sure the angular radius of the shadow. Although our
method relies on the presence of an accretion flow which
emits the radiation that comprises the bright ring sur-
rounding the shadow, the brightness profiles along the
different chords in the image will have local peaks near
the location of the shadow irrespective of the details of
the accretion flow itself (c.f., Ref. [42]).
This ring is clearly seen in different general-relativistic
magnetohydrodynamic simulations reported to date [30];
see, also, Fig. 8 in Ref. [31]. We use a physically reason-
8FIG. 3. Gaussian fits (blue lines) of the specific intensity (black dots) along the chord sections 1-8 shown in the upper panel
of Fig. 1.
able RIAF model which has provided consistent fits to
EHT data collected over seven years [32]. As such, any
observed image will be immediately diagnostic of the ap-
plicability of the assumed accretion flow model. Nonethe-
less, our results should be viewed with caution until the
uncertainties regarding the structure of the accretion flow
are fully assessed. These systematic uncertainties will
then have to be incorporated into our estimate of the an-
gular radius of the shadow in a manner that is similar
to the inclusion of the calibration uncertainties discussed
above.
The improvement of EHT observations in the N = 100
case together with stellar-orbit observations using a 30-
m-class optical telescope compared to the N = 10 case
together with existing stellar-orbits data is about a fac-
tor of two. This improvement is primarily hampered by
the uncertainty of the spin and the inclination of Sgr A∗
for which we simply assume a flat and an isotropic distri-
bution, respectively, so that our estimate remains largely
model-independent. In practice, long-term monitoring
of stellar orbits will most likely lead to an independent
spin measurement (e.g., [33, 49]). Other studies, such as
observations of the accretion flow (e.g., [23]) and of vari-
ability (e.g., [25]), can produce additional measurements
of the spin and the inclination which would reduce that
uncertainty considerably.
Interpreting combined data sets must be done with
great care due to the difficulty in properly including their
independent systematic uncertainties, which are likely to
dominate their error budgets. For example, the current
orbit-based measurements of Refs. [2, 3] nearly disagree
at a statistically-significant level and Ref. [6] neglects sys-
tematic errors arising from their choice of outlier removal
and possible deviations from an axisymmetric velocity
field.
Choosing different input values of the spin and inclina-
tion of Sgr A∗ in our simulation of the constraints on its
mass, distance, and deviation parameters, we find that
the locations of the peaks of the distributions shown in
Fig. 2 depend on the corresponding shadow radius. How-
ever, the peak locations always lie within the 1σ confi-
dence limits of the corresponding distributions, except
for the peaks of the distributions of the deviation param-
eters in the N = 100 case for values of the spin a >∼ 0.6rg
(regardless of the inclination). At that level of precision,
the systematic uncertainty of the parameters α13 and β
caused by the dependence of the shadow size on the spin
and inclination exceeds the corresponding 1σ confidence
limits.
